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The isotopic composition of the methane produced at A-1 is described simply by the mass balance relationship, et al., 1980; LAUBE and MARTIN, 1981; LJUNGDAttL and WooD, 1982; JONES et al., 1984 ; and many others), and organic acids and alcohols (BRYANT et al., 1977 : MCINERNEY et al., 1979 MCINERNEY and BRYANT, 1981; KOCH et al., 1983: E1CHEER and SCHINK, 1984; STH-B and SCttINK, 1985, 1986; KREMER et al., 1988) . Bacteria capable of producing acetate via CO2-reduction with H2 have also been identified (BRAUN et al., 1979 (BRAUN et al., , 1981 LEIGH et al., 1981: LJUNGDAItL and WOOD, 1982 , 1979; WINFREY and ZEIKUS, 1979a; SANSONE and MARTENS, 1981, 1982; LOVLEY and KLUG, 1982; CRILL and MARTENS, 1986; SCHUTZ et al., 1989; KUIVILA et al., 1990) . Approximately 25-50% of the methane production in organic-rich marine sediments and as much as 60-70% in freshwater sediments results from the dissimilation of acetate (CAPPENBERG and PRINS, 1974; WINFREY and ZEIKUS, 1979a; LOVLEY and KLUG, 1982; CRILL and MARTENS, 1986; KUIVILA et al., 1990 
as an alternative process to the direct dissimilation of acetate to methane and CO2 (BARKER, 1936 ). An organism capable of the first step of the reaction, the production of CO_ and H2 from acetate, has been isolated from a methane-producing thermophilic digester (Z1NDER and KOCH, 1984 , 1979; SANSONE and MARTENS, 1981, 1982; CRILL and MARTENS, 1986 ( MARTENS and KLUMP, 1984) , accumulates at a rate of 8-12 cm/yr (CHANTON et al., 1983; CANUEL et al., 1990) at the sampling station, A-1. The organic matter appears to be derived from phytoplankton and seagrass debris (HADDAD and MARTENS, 1987 (CRILL and MARTENS, 1983) , are the dominant diagenetic processes at this site and, respectively, account for 68 + 20% and 32 + 16% of the organic carbon remineralization ( MARTENS and KLUMP, 1984) . Acetate concentrations over 100 tiM have been found in the summer months at the interface between the sulfate-reducing and methane-producing zones (SANSONE and MARTENS, 1982) . Approximately 20-30% of the methane is produced via acetate dissimilation (CRILL and MARTENS, 1986 ) .
METHODS
Diver-collected cores were obtained at A-I with 9.5 cm diameter lucite tubes. Normally, the acetate cores were processed immediately after collection onboard ship. The porewater from cores collected on August 14, 1986, was isolated with a sediment press (REEBURGH, 1967 ) . The porewater samples were frozen immediately after collection and stored at -86°C until analysis. One core from that date was transported to and processed at the Institute of Marine Sciences (Morehead City) in the same manner. Because of our concern for potential artifacts associated with the use of the sediment press and the possibility that the isotopic signature of the acetate may change rapidly after core recovery, samples collected on July 21, 1987, were treated in one of two methods. Each sampling interval was split with one portion immediately centrifuged at 8000 rpm for 10 min. The porewater sample (40 mL) was passed through a Whatman GFA filter, acidified with 5 mL of HPLC grade 85% H3PO4 (J. T. Baker) and frozen in polypropylene bottles (Nalgene). The second portion of each sediment interval was rapidly mixed with 50 mL of a 1:1 methanol-H20 mixture and frozen. The cores were sampled in less than 15 min. after retrieval. The methanol-porewater mixture was isolated later in the laboratory by centrifugation as described above.
The isotopic analysis of porewater acetate followed a modified procedure of BLAIR et al. ( 1985 BLAIR et al. ( , 1987 . The porewater sample was acidified to pH 1 with concentrated HsPO4 and distilled in vacuo cryogenically to produce a volatile acid fraction. The basified (pH > 11 ) distillate was dried in a Teflon_ beaker under N2 at 135°C. The dried salts were dissolved in 1.0 mL water and 0.9 mL concentrated HsPO4. The resulting mixture was distilled in vacuo cryogenically. The distilling pot was maintained at 90-95°C. The resulting solids in the pot were redissolved with 1.0 mL of water and distilled as above. This procedure was repeated a third time with 2.0 mL of water. The volatile acids were concentrated approximately 25-fold with this method.
The volatile acids were separated on a 10 tim RP-8 Lichrosorb column (25 cm × 4.6 mm i.d., Alltech Assoc.) and detected at 210 nm( Lambda-Max Model 481, Waters Chromatog. Div.). The mobile phase was 0.01 M H2SO4 maintained at 0.63 mL/min. The acetate was separated from the H2SO4 and concentrated by the following drying/distillation steps. The acetate fraction collected from the liquid chromatograph was brought to pH I 1 with 20% NaOH and dried, as described above. The salts were dissolved in 50 _L water and 200 uL H3PO4, and the resulting solution was distilled as above. The distillate was stored frozen until needed.
The isolated acetate was converted to CO2 for isotopic analysis with a gas chromatograph-combustion system (MATTHEWS and HAYES, 1978 ; DES MARAIS, t978). The Carlo Erba HRGC 5300 Mega series was outfitted with a packed column injector (150°C) and a Superox-FA wide bore capillary column (0.53 mm o.d., 30 m length, Alltech Assoc.). The helium flowrate was 3 mL/min and the temperature was programmed to hold at 80°C for 15 min. and ramped to 110°C at 10°/rain. The sample was swept through the combustion furnace (2 mm i.d. quartz tube packed with 80-100 mesh CuO, 780-790°C) with a make-up gas ( 12 mL/min He). The resulting CO2 was monitored with a thermal conductivity detector (Gow-Mac Model 40-400) and collected in a _/8in. stainless steel multiple loop trap immersed in liquid nitrogen. The CO2 was then purified cryogenically and stored in a 6 mm o.d. Pyrex breakseal until isotopic analysis. Acetate standards producing >0.3 ttmoles CO2 per 10 uL injection were found to have _5_sC values within 0.4%0 of the accepted values, which were determined by either bomb combustion (BLAIR et al., 1985 ) or direct gas chromotograph (GC) combustion of large samples. This sample size would typically translate into an original porewater concentration of >30 zM. Smaller standards were depleted in _3C by more than 0.5%0. Accordingly, all 8 _3Canalyses reported in this paper were from samples > 0.3 ttmoles C/injection.
The sensitivity of this procedure is comparable to that reported for an alternative method (GELWICKS and HAYES, 1990). The isotopic analysis of the acetate methyl group was accomplished by the pyrolysis of sodium acetate (OAKWOOD and MILLER, 1950; MEINSCHEIN el al., 1974; BLAIR et al., 1985) . A 200:1 mixture of NaOH and acetate (from the last distillation) was dried under N2 at 135°C in a quartz tube (9 mm i.d. × 20 cm long). The tube was evacuated after drying and heated to 500°C. Methane, which is derived from the methyl group, was quantitatively collected, measured, and injected into the GC combustion system via Toepler pump. The purification of the methane was accomplished on a 2.5 m long × 2 mm i.d. stainless steel column packed with 100-150 mesh Porasil B (Alltech Assoc.) at room temperature.
The CO2 resulting from the combustion of the methane was treated as above for isotopic analysis. As little as 1.6 umoles of acetate could be analyzed with an accuracy and precision of 0.3%o.
Samples for the 6JsC measurements of the total organic carbon (TOC) fraction were prepared by one of two methods. Samples from 1983 were prepared by a bomb combustion method described previously (BLAIR et al., 1987) . Samples from 1986-87 were treated with a modified procedure. Between 0.7 and 1.0 grams of wet sediment were slurried with IN HCI until bubbling ceased, after which the sample was lypholized. Approximately 20-30 mg of the homogenized sample were combusted in tin boats with a Carlo Erba 1500 CNS analyzer (UNC-Chapel Hill,Marine Sciences). The resulting CO2 was collected inaYs in. stainless steel multiple looped trap immersed inliquid nitrogen. The CO2 was subsequently transferred cryogenically and sealed ina6mm o.d. Pyrex tube forlater isotopic anal sisThe
C values of standards prepared by the CNS analyzer were within 0.3%o of those prepared by the bomb combustion method referenced above.
Lipid fractions were prepared for isotopic analysis by sonicating 150 mg of freeze-dried sediment with 5 mL of 1:1 methanol-toluene (Burdick and Jackson) for 10 min. The mixture was vortexed for 2 min. The extract-sediment mixture was separated by centrifugation, and the sediment was reextracted as above. The extracts were combined, and the solvent was removed by rotary evaporation. The sample was saponified with a 1:1 aqueous 1 M KOH-methanol solution (J. T. Baker, Burdick and Jackson) at 77°C for 2 h. The KOH pellets had been pretreated by heating at 490°C for 25 rain to remove organic contamination.
The saponified lipid mixture was extracted three times with previously distilled petroleum ether (40-45°C) to produce the neutral lipid fraction. The KOH mixture was then acidified and reextracted with previously distilled CHC13 to produce the fatty acid fraction. The volumes of both fractions were reduced by rotary evaporation. The samples were transferred to Ag boats with CHCI3, and the solvent was removed in vacuo. The samples were converted to CO2 for 6 _3C analysis by bomb combustion (BLAIR et al., 1985) .
The 6 '3C measurements of the CO2 from the various preparations were analyzed on either a modified Nuclide 6-60 RMS (NASA-Ames Research Center) or one of two Finnigan MAT 251 mass spectrometers (NCSU Stable Isotope Laboratory and the University of Georgia Center for Applied Isotope Studies). A cross-calibration of a CO2 standard by the three facilities produced results consistent to within 0.25%o. Procedural blanks were collected and used to correct the results of all analyses.
Dissolved sulfate was measured on 5 mL ofporewater by the gravimetric analysis of the precipitated barium salt (CHANTON, 1985; CHANTON et al., 1987) . Sulfide was removed immediately after the recovery of the porewater sample by the addition ofZnCl2, followed by the filtration of the zinc sulfide precipitate. The accuracy of this procedure is typically _+0.5 mM (CHANTON, 1985) .
RESULTS
The _'3C values of the TOC from Cape Lookout Bight averaged -19.08 _+0.26%0 (Fig. 1) , indicating that the organic matter is predominantly of marine origin (HAINES, 1976; GEARING et al., 1984; HADDAD and MARTENS, 1987) . The fatty acid and neutral lipid fractions averaged -22.1 __+.5
and -22.9 + .3%0, respectively (Fig. 1) . Similar a3C-depletions relative to the TOC have been observed in lipid fractions isolated from estuarine sediments (PARKER, 1964) , the Eocene Messel shale (HAYES et al., 1987) , and a wide variety of biological samples (ABELSON and HOERING, 1961; PARKER, 1964; DEGENS et al., 1968; DENIRO and EPSTEIN, 1977: MONSON and HAYES, 1982a, b) . The nearly ubiquitous _3C-depletion of lipids has been attributed to isotope effects associated with the biosynthesis and cycling of the lipid precursor, acetyl CoA (DENIRO and EPSTEIN, 1977; MONSON and HAYES, 1982a,b; BLAIR et al., 1985) . June to early July. However, it should be noted that the core handling procedures were different in the two studies. In the original investigation, all cores were returned to the laboratory and refrigerated at 4°C until they could be processed ( BLAIR et al., 1987) . One core was treated similarly in this study. The results from that core (one total and two methyl 6'3C values) were approximately 1%o lighter than those from a core processed immediately after collection onboard ship. Though the size of the data set prevents a rigorous statistical evaluation of the differences, it appears that the sample processing procedures were not responsible for the large differences between the two studies. Investigations are under way to resolve this issue. 
[Acetate], #M processes which influence its pool size (BLAIR et al., 1985; BLAIR et al., 1987; GELWICKS et al., 1989) . The downcore variations in the t5t3C value of acetate from Cape Lookout Bight indicate that changes in one or more of those factors occur as a function of depth within the sediment column. Each of those factors is discussed below.
Carbon Sources
The metabolizable organic carbon, which is the ultimate source of the acetate carbon, is estimated to have approximately the same average 6'3C value as the TOC fraction (-19.08 _+ .26) because the 6 _3C value of the TOC remains unchanged as a function of depth (Fig. 1 ) , even though 20-30% of the carbon is remineralized (MARTENS and KLUMP, 1984) . The 6 _3C value reflects a mixture of isotopically distinct sources. The sedimentary organic matter, and by inference, the metabolizable fraction, are derived from a variety of sources including phytoplanktic, microbial, and vascular plant remains (HADDAD and MARTENS, 1987; MARTENS et al., 1992) . Visual inspection of cores and lignin analyses have indicated that Haladule wrightii and Zostera marina, the predominant seagrasses in the area (THAYER et al., 1978 ) ,
and Spartina alterniflora are sources of the vascular plant matter (HADDAD and MARTENS, 1987) . These plants typically have 6 _3C values of-6 to -13%0 (THAYER et al., 1978; MCMILLAN and SMITH, 1982; STEPHENSON et al., 1984; FRY and SHERR, 1984) . This is in contrast to the 6tJC values of coastal plankton, which can range from -20 to -23%0 (HAINES, 1976; GEARING et al., 1984) . The relative contributions of the vascular and nonvascular plant sources to the buried organic carbon pool have been estimated to be 17 _+23% and 83 __+ 47%, respectively (HADDAD and MARTENS, 1987 HADDAD, 1989; HADDAD and MARTENS, 1990; MARTENS et al., 1992) . Lipid fractions are depleted in t3C relative to the TOC fraction (Fig. l) . The 6 _3C values of the amino acid and carbohydrate fractions are unknown. Large inter-and intramolecular carbon isotope heterogeneities exist in amino acids produced in a variety of algal and microbial cultures (ABELSON and HOERING, 1961 ; BLAIR et al., 1985; MACKO et al., 1987) , and similar patterns may exist in sediments. The isotopic composition of carbohydrates from different sources is poorly characterized but the bulk carbohydrate pool is typically thought to be similar to that of the total biomass fraction of an organism (DEGENS et al., 1968; BLAIR et al., 1985 ) . However, 3-49'00 differences have been observed between different carbohydrate fractions from marine plankton (DEGENS et al., 1968) , and the leaves from the CAM-plant Bryophyllum daigrmontianum (DE-LEENS and GARNIER-DARDART, 1977) . The importance of the isotopic heterogeneity within the metabolizable carbon pool is dependent on the extent to which specific organic fractions bypass acetate as an intermediate during diagenesis.
Synthetic
Isotope Effects
Little is known about the isotope effects associated with the anaerobic biosynthesis of acetate; however, any synthetic pathway could create a unique isotopic signature in the acetate that it produces. For example, -1] 103, where R is the _3C/_2C composition. The substrates for A. woodii (GELW_CKS et al., 1989 ), A. suboxydans (RlNALDI et al., 1974 and E. coli (BLAIR et al., 1985) were dissolved inorganic carbon, ethanol, and glucose, respectively. The substrate for the Cape Lookout sediments was assumed to have a t5'3C value of-19.1.
glucose by Escherichia coli were approximately 0 and +26%0 relative to the glucose (BLAIR et al., 1985) . The large enrichment of13C in the carboxyl group was proposed to result from the transformation of acetyl phosphate to acetyl-CoA.
Acetobacter suboxydan expressed a smaller fractionation during the aerobic synthesis of acetate from ethanol where the methyl and carboxyl groups were -9 and 0%0 relative to the corresponding ethanol carbons (RINALDI et al., 1974) .
The CO2-reducing anaerobe, Acetobacter woodii, produced acetate which was isotopically homogeneous yet depleted in '3C by as much as 57%o relative to the total carbonate fraction (GELWICKS et al., 1989; PREUI3 et al., 1989) . The isotope effect was believed to be associated with the enzyme carbon monoxide dehydrogenase (GELWlCKS et al., 1989 Fig. 4 .
Catabolic
Processes and Isotope Effects
The potential for isotope effects during the consumption of acetate is equally significant. Several biochemical strategies are used by sulfate-and sulfur-reducing bacteria to oxidize acetate to CO/(THAUER et al., 1989 ) . Desulfobacter postgatei activates acetate to acetyl CoA via the reaction:
The acetyl CoA is subsequently oxidized to CO2 via the citric acid cycle (BRANDIS-HEEP et al., 1983; GEBHARDT et al., 1983) . Desulfuromonas acetoxidans, an anaerobe which grows on acetate and sulfur, utilizes similar pathways (GEB-HARDT et al., 1985; THAUER et al., 1989 SCHAUDER et al., 1986 SCHAUDER et al., , 1989 SPORMANN and THAUER, 1988, 1989 CH4 and CO2 (THAUER et al., 1989) .
In both genera, acetate is converted to acetyl CoA, after which the carbon-carbon bond of the acetyl unit is cleaved (GRA-HAME and STADTMAN, 1987; THAUER et al., 1989 
where kc., and kco, are the rate constants for CH4 and CO2 production from the total acetate molecule. It is assumed that the methane is derived solely from the methyl group. Similarly, the respiration index measurement (SANSONE and MARTENS, 1982) can be related to fby:
where the respiration index (RI) was determined with U-_4C-labelled acetate and is defined as: (4) and ( 5 ) and _4C-tracer data: • (SANSONE and MARTENS, 1982); © (CRILL and MARTENS, 1986 ) .
Data from SANSONE and MARTENS (1982) and CRILL and MARTENS (1986) were used to estimate ffor Cape Lookout Bight (Fig. 5) . The value of fincreases from zero in the sulfate reduction zone to a maximum of 0.55 in the methanogenic zone. In comparison, 70-86% of acetate (f= 0.70-0.86) in freshwater sediments is dissimilated directly to CH4 and CO2 (CAPPENBERG and PRINS, 1974; WINFREY and ZEI-KUS, 1979a; LOVLEY and KLUG, 1982) . The fact that ./'is significantly less than 1.0 indicates that an oxidative process competes with the methanogenic dissimilation of acetate. The similarity in the downcore profiles of fand the acetate 5_3C values suggests that the relative rates of the oxidative and dissimilative processes may be important isotopic controls. This point will be tested with a model which is described in the next section.
The absolute rate constants for acetate turnover, which were reported in the two studies, differ by an order of magnitude or more (SANSONE and MARTENS, 1982; fRILL and MARTENS, 1986) . This discrepancy has been attributed to a difference in the incubation times used in the tracer experiments (CRILL and MARTENS, 1986) . The consistency of f calculated from the two data sets argues that the relative rates of the acetate cycling processes were insensitive to the differences in methodology.
An Isotopic Model for Porewater Acetate
A simple model is proposed to describe the isotopic composition of acetate in this system. The following equation can be used to describe the isotopic composition of the methyl group, 6_:
where 6sy, is the isotopic composition of the biosynthesized methyl group before consumption, ad,ss is the fractionation factor associated with the reduction of the methyl carbon to methane, and aox is the fractionation factor associated with the oxidation of the methyl group (BLAIR et al., 1985 (CHRISTENSEN and BLACKBURN, 1982; SHAW et al., 1984 : PARKES et al., 1984 NOVELH et al., 1988; GIBSON et al., 1989 : MICHELSON et al., 1989 , would appear to be limited to secondary roles as controlling factors of the isotopic composition of the methyl group.
The 4-6%o _3C-depletion of the acetate downcore within the 10-20 cm interval indicates that the methanogenic zone cannot be considered spatially homogeneous in terms of microbial processes and may be composed of smaller diagenetic horizons.
There is insumcient information to resolve with confidence if the isotopic shift is due to a source or consumptive effect. However, the _4C-tracer studies of fRILL and MARTENS (1986) suggest that the relative rates of acetate oxidation and dissimilation change within the methanogenic zone with the oxidative process becoming progressively more important below the depth of peak methane production. According to our model, such a trend would result in the observed isotopic change.
The isotope model can be used to estimate the 6 _3C value of methane produced by acetate dissimilation. Assuming steady-state conditions ( HAYES, 1983 ) , the 6 '_C of the methane is approximated by:
6(CH4/Acet) = 6_y, -( 1 -.l')(Crd,_ -l )* 10 s.
Using theaverage value offfor the 10-20 cm methanogenic zone, 6(CH4/Acet) was calculated to be -43 ---10%0. Approximately 26% of the methane production at this site is provided by acetate; the remainder is generated principally by CO2-reduction (CRILL and MARTENS, 1986 changes in the relative rates of the two methanogenic processes (MARTENS et al., 1986; BURKE et al., 1988) . _4C-tracer studies have suggested that the proportion of total methane production from acetate increased from 20% in mid-July 1983 to 29% in late August (CRILL and MARTENS, 1986 (MARTENS et al., 1986) .
This consistency between the model predictions and actual observations not only provides us with some measure of confidence in the general features of the model but also in the relative rates determined with the _4C-tracer experiments. This is an important issue given the current controversial nature of acetate turnover rate measurements (CHRISTENSEN and BLACKBURN, 1982; SHAW et al., 1984; PARKES et al., 1984; NOVELLI et al., 1988; MICHELSON et al., 1989; GIBSON et al., 1989 DIEKERT et al., 1985; THAUER et al., 1989) . The extent to which isotopic exchange occurs between acetate and CO, in
Cape Lookout or other organic-rich marine sediments is unknown but should clearly be investigated.
The similarity of the 6J3C value of the total acetate molecule in the upper 5 cm of sediment with that of the TOC fraction, along with the model results, suggests that the fractionation associated with the uptake by bacteria in the sulfate reduction zone is relatively small. This conclusion, which is admittedly based on a modest data base, merits discussion because of its (SORENSEN et al., 1981; WINFREY and WARD, 1983) . A more quantitative estimate of the flow of carbon through acetate would require substantial information concerning the biosynthetic fractionations. The similarity of the _3C value of the surficial acetate to that of the TOC fraction would appear to preclude the possibility that a significant portion of the acetate could be produced by acetogenic CO2-reduction because of the large isotope effect associated with that process (GELWlCKS et al., 1989; PREUB et al., 1989 ) . Instead, it is likely that the acetate is synthesized via the more direct fermentation of organic species. In contrast, isotope models have suggested that CO.,-reduction is an important source of acetate in freshwater sediments (LAZERTE, 1981; GELWICKS et al., 1989 ) . This con-tradicts the results of other studies, which indicate that <2% of the acetate in eutrophic lake sediments was produced via CO2-reduction (LOVLEY and KLUG, 1983b 
